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Abstract 



Charge-symmetry breaking in the nucleon-nucleon force is investigated within 
an effective field theory, using a classification of isospin-violating interactions 
based on power-counting arguments. The relevant charge-symmetry-breaking 
interactions corresponding to the first two orders in the power counting are dis- 
cussed, including their effects on the 3 He — 3 H binding-energy difference. The 
static charge-symmetry-breaking potential linear in the nucleon-mass difference 
is constructed using chiral perturbation theory. Explicit formulae in momentum 
and configuration spaces are presented. The present work completes previously 
obtained results. 



1 



1 Introduction 



Significant advances in understanding isospin violation in the nuclear force have been 
made in the past decade. Experimental progress (which is reviewed and summarized 
in Refs. [1, 2, 3]) has been supplemented recently by the advent of chiral perturbation 
theory (ChPT)[4, 5, 6, 7, 8]. This powerful technique casts the symmetries of QCD 
into effective interactions of the traditional, low-energy degrees of freedom of nuclear 
physics (viz., nucleons and pions). These building blocks (in the Lagrangian) can 
then be combined in a systematic way to produce nuclear forces that violate isospin 
in exactly the same way as in QCD. 

An important feature of effective field theories is power counting, which is the 
technique used to organize calculations[4, 5, 6, 8, 9, 10]. A well-defined ordering of 
terms in the Lagrangian according to scales intrinsic to QCD and nuclei is used to 
generate all terms of a particular size. Terms in the Lagrangian are labeled (in the 
conventional way, by the number of implicit powers (n) of the inverse of the 

large-mass scale of QCD, A ~ 1 GeV. When considering processes where the typical 
momentum is of the order of the pion mass, Q ~ m n , amplitudes are expanded in 
powers of Q/A. 

Much work has been done in the past few years regarding the derivation of the 
isospin-symmetric part of the nuclear potential[8]. The components of short (~ A -1 ) 
range in the potential come from (renormalized) contact interactions whose strengths 
are not determined by symmetry. The components of longer range arise from pion 
exchanges, and are determined in terms of pion couplings to the nucleon, which 
are fewer and in many cases determined from processes involving a single nucleon. 
Perhaps the most significant result of this method is the first derivation of a two-pion- 
range potential consistent with the approximate chiral symmetry of QCD[5, 6, 7]. This 
two-pion-exchange potential (TPEP) has been incorporated in the Nijmegen phase- 
shift analysis[ll, 12]. Pion-nucleon couplings determined from two-nucleon data were 
found to be in good agreement with other determinations based on pion-nucleon 
scattering. 

In effective theories, isospin-breaking interactions can be classified [5] according to 
whether their origin is the mass difference between u and d quarks or hard electro- 
magnetic (EM) interactions at the quark level. The soft EM interactions (such as the 
Coulomb force) can be constructed in the usual way [13, 14]. 

The power counting for isospin-violating interactions was developed by one of 
us[5], and it explains the sizes of the various isospin structures present in the nuclear 
force. A convenient and universalfl] classification for nuclear isospin is: class (I) - 
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isospin conserving; class (II) - charge-independence breaking (CIB) of isospin, but 
charge symmetric; class (III) - charge-symmetry breaking (CSB) of isospin; class (IV) 
- isospin mixing in the np system between T = and T — 1. Power counting can 
be used to demonstrate [5] that a class (N) force appears only at order n = N — 1 or 
higher. We therefore deduce on the basis of QCD a result that was noticed before 
on an empirical basis: class (I) forces are stronger than class (II), which are stronger 
than class (HI), which are stronger than class (IV). 

Using this formalism, several of the various isospin components of the nuclear 
potential have been calculated[5, 15, 14, 16, 17, 18]. In particular, we have computed 
the long-range components of the class (I) [4, 5, 6, 7] and class (II) [5, 15, 14, 16] two- 
nucleon potentials, up to order n = 3. The class (III) isospin violation is the purview 
of this work. 

Charge symmetry[19] can be loosely defined as invariance under turning neutrons 
into protons and protons into neutrons. It has long been considered a particularly 
interesting aspect of isospin violation because the difference in quark masses is a source 
of CSB. On the other hand, a significant interaction that violates this symmetry is 
the electromagnetic interaction, which is large between two protons and very small 
between two neutrons. Moreover, the Coulomb interaction between protons is long- 
ranged, while it has a nuclear range for two neutrons and is therefore indistinguishable 
from nuclear interactions. There are corrections of order 1/M 2 to the static Coulomb 
interaction (where M is the nucleon mass), which are part of the Breit interaction. 
Although these familiar electromagnetic interactions dominate the CSB in nuclei, 
we will largely ignore them and concentrate on the nuclear mechanisms [15]. In the 
nuclear force the comparison that interests us is the difference in forces between two 
protons and two neutrons, which is restricted to the T = 1 channel for two nucleons. 

The longstanding interest in CSB [19] has been highlighted recently by two exciting 
new experiments. One experiment, carried out at TRIUMF and currently undergoing 
final stages of analysis, measures the front-back asymmetry of the pion produced in 
the reaction np — > dn close to threshold [20]. Another experiment has just been 
completed at IUCF, and measures the near-threshold cross section for the reaction 
dd — > cot [21]. It has been argued in Ref.[22] that the chiral properties of two different 
contributions to the nucleon-mass difference can give a relatively large effect in np — > 
dir , of opposite sign to more well-known mechanisms. A similar phenomenon might 
exist in dd — > cot [22]. There is reason to hope that these data will allow a model- 
independent (albeit crude) determination of both quark-mass and electromagnetic 
components of the nucleon-mass difference. 

An issue that arises naturally is the role of the nucleon-mass difference in the two- 
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pion-exchange nucleon-nucleon potential. Ref.[17] calculated the crossed-box con- 
tribution, and it contains a comprehensive discussion of the older literature [23, 24], 
where aspects of chiral symmetry are not emphasized. More recently, Ref. [18] calcu- 
lated a CSB seagull contribution using the formalism of Ref. [5] . 

In this paper we discuss the relative sizes of CSB interactions in effective field 
theories, and calculate the two-nucleon potential of two-pion range that arises from the 
nucleon-mass difference. Pieces of this potential have appeared before[17, 18]. Here 
we complete the calculation of the long-range component of the class (III) potential 
up to (and including) order n — 3. 



2 Sizes 

In the chiral Lagrangian, the largest isospin- violating terms are those that determine 
the mass differences of nucleons and pions[5]. In order to compare these and various 
other contributions, it is useful to estimate relative sizes of EM and quark-mass effects. 
The pion-mass splitting provides a good starting point. 

The pion-mass splitting (squared), <5m 2 = (m^) 2 -(m") 2 , receives contributions 
from both the difference between the masses of the u and d quarks and EM interac- 
tions. Because of the chiral transformation properties of the pion, the contribution 
from the quark-mass difference is proportional to (m 2 /A) 2 . The proportionality con- 
stant (e 2 ) is on the order of the square of the difference of quark masses divided by 
their sum (e ~ 0.3). The pion-mass difference is therefore mostly due to EM interac- 
tions. It is nominally of order n = —2, but the large strength implied by this counting 
is compensated by the small fine-structure constant (a ~ 1/137), which reduces the 
strength by slightly more than two orders of magnitude. The size of the pion-mass 
splitting is then rather accurately described by 5m 2 ~ aA 2 /n, with A ~ m p , the mass 
of the p-meson[5]. This suggests that the relevant dimensionless parameter for the 
EM-induced isospin violation is 5m 2 /A 2 = a/ir = 2 • 1CT 3 , which numerically is close 
to em 3 /A 3 ~ 2 • 10~ 3 . Since the latter would ordinarily correspond in power counting 
to n = 3, we deduce a convenient mnemonic of adding 3 to the order of the EM- 
induced isospin-violating Lagrangian when comparing sizes with quark-mass-induced 
mechanisms. Henceforth our power counting for EM-induced interactions will contain 
this additional factor of 3 (e.g., n = — 2 as counted above will be counted as n = 1 
below) . 

The power counting has been used in Ref. [5] to classify various contributions to the 
nuclear potential. The leading isospin-breaking interaction appears at n — 1, when 
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the pion-mass difference is inserted in the one-pion-exchange potential (OPEP). It 
gives a class (II) force, which is of relative strength 5m^/m^ (times OPEP) [5]. Many 
other class (II) forces appear up to order n — 3. There are three EM mechanisms of 
roughly the same relative strength, a/ir (times the usual OPEP) produced by n = 3 
terms in the Lagrangian or from loops. They are: the two-pion-exchange potential 
with different charged and neutral pion masses[16], CIB in the pion-nucleon cou- 
pling constant [15] and consequently in OPEP, and the ir — 7-exchange potential [14]. 
Moreover, there are OPEP corrections that arise from higher-order isospin-conserving 
pion-nucleon interactions (such as recoil in the usual pion-nucleon coupling), and from 
second-order effects due to the the pion- and nucleon-mass differences [5]. 

Here we concentrate on the class (III) mechanisms. It is worthwhile to discuss 
briefly the various mechanisms that contribute to CSB in the NN system and in 
the trinucleon system ( 3 He — 3 H), their relative sizes, and their relationship in the 
context of power counting. 

The bulk of the CSB is due to the soft EM interactions. The 764 keV binding- 
energy difference of 3 He and 3 H is largely accounted for by the 648 keV Coulomb 
energy difference [25] plus approximately 29 keV from the small Breit corrections plus 
vacuum polarization [26, 13, 27, 28, 29]. Calculations of these contributions appear to 
be rather robust, and we henceforth ignore them. The remaining mechanisms that 
generate approximately 87 keV are contained in ChPT, and we discuss them below. 

The most obvious signature of CSB due to nuclear forces is the difference in the 
scattering lengths of two neutrons and two protons, once all EM mechanisms are 
accounted for and the effect of the different nucleon masses on the kinetic energy 
(see Eqn. (lc) below) is treated. The resulting "experimental" a nn —a pp scattering- 
length difference[2, 3, 15] of —1.5(5) fm is then attributed to CSB in the nuclear 
force. Typically one treats only the short-range (as opposed to pion-range) CSB 
force, by adjusting the force to produce the desired difference in scattering lengths. 
This CSB modification of the force then produces a contribution to the 3 He — 3 H 
binding-energy difference of approximately 65(22) keV, a number that also appears 
robust [28, 29, 30] and can accommodate the 87 keV binding-energy difference missing 
after soft EM processes are taken into account. Note that this scattering- length 
difference is generated by the total CSB nuclear force, and does not differentiate 
between components of different ranges. 

The mass of a single nucleon can be expressed in terms of isospin operators (the 
Pauli isospin operator r satisfies r = 2t, where t z gives +1/2 for a proton and —1/2 
for a neutron): 

M N = \{M P + M n ) + \{M P - M n )r z = M+ \8M n t z , (la) 
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where M = \(M P +M n ) is the average nucleoli mass, 8M N = (M p —M n ) is the nucleon- 
mass difference, and \5M n t z is a CSB nucleon-mass interaction. The nucleon-mass 
difference, 5Mn, receives contributions from both the quark-mass difference, 5M^ a , 
and EM interactions at the quark level, <5M™, 

5M N = 5M% m + 5M™ . (lb) 

(We neglect here mixed contributions of higher order.) The piece due to the quark- 
mass difference is the sole CSB contribution of order n—1, implying that this quantity 
is proportional to ml/ A. The parameter em 2 /A 2 ~ 1CT 2 plays an important role in 
the power counting for isospin violation, and would lead to a nucleon-mass difference 
on the order of 8 MeV (a factor of three higher than most model estimates, and 
therefore reasonable). The corresponding nucleon-mass term from EM interactions 
at the quark level is of order n — 2, but is numerically comparable to the quark-mass 
term (somewhat smaller and of opposite sign) because it implicitly contains a power 
of the fine-structure constant. 



The largest CSB interactions in the Lagrangian thus come from the nucleon-mass 
difference of orders n— [1,2] for the two different mechanisms. The effects of the 
nucleon-mass difference on nuclear amplitudes are somewhat suppressed, however. 
Summing Eqn. (la) over all nucleons produces an overall constant (determined by 
the average nucleon mass), which can be removed by a shift in the zero of energy, and 
a term proportional to the ^-component of the total nuclear isospin, T z . The latter 
term will contribute to a CSB shift in the nuclear kinetic energy (for simplicity we 
restrict ourselves to only two nucleons in their center-of-mass (CM) frame) 

st= _ t S_Mn { ) 

2M ' K J 

where T is the usual CM kinetic energy for two nucleons with equal masses, and 
T z = t z (l) -Hz (2) for two nucleons. The CSB nucleon-mass difference will also lead to 
a modification of the nuclear potential energy. The CSB part of Eqn. (la) (5M^T Z ) 
will commute with an isospin-conserving Hamiltonian and therefore will play no role 
to order SM N , except inside certain loops (viz., crossed-box and triangle diagrams) 
that involve exchanging two charged pions. In the latter case for a process initiated 
by two identical nucleons of one type, the intermediate state would contain two nu- 
cleons of the other type. Exchanging neutral mesons clearly does not invoke this 
mechanism, nor does ladder approximation (sequential exchanges of neutral mesons) 
for two protons or two neutrons. Because this effect requires a loop, it is of order 
n — 3. Thus although nominally of order n = 1 (by itself), the nucleon-mass differ- 
ence actually first contributes in the much higher order n — 3, which is a reduction 
in size typical of loop contributions. In addition to these loop insertions, there are 
associated triangle-graph interactions from seagulls (discussed below). 
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Other contributions in the Lagrangian begin at order n = 2 for the quark-mass 
terms (i.e., they are the largest) and arise from two types of CSB nuclear forces: 
short-range forces (such as those arising from p — a; [31] and a± — /i[32] mixing), and 
from isospin violation in the pion-nucleon coupling constant (a model for the latter 
is provided by n — n mixing[24]). We denote the former by V S pf B and the latter by 
yCSB^ rp Q i ea( jj n g or d er [5] f or two nucleons one has 

^sr SB = + 7-) V (r) T z + ( 7<T + %) V^r) ■ a(2) T z , (2) 

where f is the separation of nucleons 1 and 2, and Vo and V\ have unit volume 
integral. The constants 7 S and ^ a stem from the quark-mass difference and are of 
order em 2 // 2 A 2 , while 7 S and 7 CT are EM corrections of order a/nf%. This implies 
a potential strength V S pf B ~ [em^/ K 2 )V^ , where V^ N is the expectation value of 
the short-range interaction between either the pp pair in 3 He or the nn pair in 3 H. A 
34-channel calculation using the AV18 potential[13] gives —7.6 MeV for the latter, or 
an estimate of about 45 keV for the contribution of the CSB short-range interaction 
to the 3 He — 3 H binding-energy difference. This interaction has traditionally always 
been a part of CSB studies. 

The OPEP contains a CSB (coupling constant) modification [5, 15] 

K = v n (t(l) • t(2) - ^A±M Tz ) = V° + V?* , (3) 

where V® = v n t(l) ■ t(2) is the usual isospin-conserving OPEP, and we do not write 
(higher-order) recoil corrections explicitly. Here f3\ ~ em 2 /A 2 is the (quark-mass 
induced) CSB pion-nucleon coupling constant and fa ~ a/ir is the (EM-induced) CSB 
pion-nucleon coupling constant. The size of V„ is constrained only by an upper limit 
on fli+fls, arising from the Nijmegen phase-shift analysis of NN data[15]. A numerical 
estimate of in the trinucleon system can be obtained from Eqn. (3), which shows 
that the contribution to the trinucleon binding-energy difference is approximately 
(T/ CSB ) = -4(/3i + p 3 ) V^ N /g A , where is the expectation value of the potential 
energy due to OPEP between either the pp pair in 3 He or the nn pair in 3 H. A 34- 
channel Faddeev calculation using the AV18 potential[13] produces —1.67 MeV for 
the latter. Using the experimental value of (j3i + ^3) = 0(9) • 10~ 3 from Ref. [15] 
produces (V^ SB ) ~ 0(50) keV of uncertain sign. The dimensional estimate[5, 15] 
using p 1 ~ em 2 /A 2 ~ 10~ 2 produces (V^ SB ) ~ 50 keV, and also of uncertain sign. 
Thus a substantial part of the "short-range" contribution to CSB (65(22) keV) in 
the trinucleons could come from CSB in OPEP, rather than from a shorter-range 
interaction. In any event the two mechanisms are predicted by power counting to be 
the dominant hadronic contributions and to be roughly comparable in size. 

The next order in ChPT for CSB is n = 3. The modification of the nuclear 
kinetic energy induced by the different nucleon masses (Eqn. (lc)) is of this order, 
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and is always taken into account, both in the NN interaction and in the trinucleon 
CSB, where it contributes a robust 14 keV[13, 26, 27, 28, 29]. A power-counting 
estimate of its size can be made by using m n to estimate the average value of the 
nucleon momentum in the trinucleons, which produces a value ~ (rn^/ M 2 )SMn ~ 
25 keV (and within a factor of two of the actual value). The size of this contribution 
illustrates the general caveat about power counting: even though this kinetic-energy 
modification is an order smaller in the Lagrangian than the potential couplings (n — 3 
vs. n = 2), they can make actual contributions in a nucleus that are not very different 
in size. This contribution added to the soft-EM mechanisms discussed earlier leaves 
about 73 keV to be explained by the various CSB nuclear potentials. 

The other mechanism of order n = 3 is the two-pion-exchange CSB arising from 
the nucleon-mass difference in certain loops, which we discussed above and will treat 
below. It depends not simply on the full proton-neutron mass difference, but on SM^ 
and SM® M separately. Since these two components of the nucleon-mass difference are 
presently unknown, we can only estimate the impact of this potential on observable 
quantities. Power counting suggests that this contribution is one order smaller than 
the (three) previously discussed mechanisms. We can make a numerical estimate of 
its contribution to the 3 He — 3 H binding-energy difference using naive dimensional 
analysis. Again assuming that the typical momentum in the nucleus is Q ~ m n and 
that the loop integral gives the usual factor of (47r)~ 2 , we expect in coordinate space 
V^ SB ~ (m^/647r/^A 2 ) SM N) which is more than an order of magnitude smaller than 
the estimate for ST of 25 keV. As we will see below, however, the loop integrals in 
this case only give one power of (47r) _1 . The CSB TPEP then likely supplies a larger 
contribution than expected on the basis of power counting. 

Note that the CSB TPEP contribution is also a part of the traditional "short- 
range" nuclear CSB mechanism, and its effect is therefore included in the 65(22) 
keV short-range part of the trinucleon binding-energy difference. One can of course 
accommodate all of these short-range mechanisms using models[31, 30]. Alternatively 
one can hope that a sophisticated partial-wave analysis of nucleon-nucleon scattering, 
such as that carried out by the Nijmegen group [12, 11], may be able to disentangle 
the CSB interactions of one-pion range, two-pion range, and short range, each of 
which contains an unknown parameter that must be fitted to the data. Incorporating 
these forces into their procedure should be straightforward, although there may not 
be enough sensitivity in the data to distinguish between the three mechanisms. A full 
analysis of few-nucleon systems within effective field theory[6, 33, 34] will eventually 
include all these CSB mechanisms. 

In summary, there are two mechanisms for CSB of order n = 2 at the Lagrangian 
level (CSB short-range forces in Eqn. (2), and CSB OPEP in Eqn. (3)) and one of 
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(b) (c) (d) 



Figure 1: Two-pion-exchange graphs that contribute to isospin-conserving nucleon- 
nucleon scattering. 



order n = 3 (nuclear CSB kinetic energy in Eqn. (lc)) that should make roughly 
comparable contributions in a nucleus. The TPEP modified by <5M^ m and <5M™, 
together with the associated CSB seagull interactions (all given in Eqns. (9) below), 
should be somewhat smaller. 



3 CSB TPEP 



Isospin-conserving two-pion-exchange potentials (TPEPs) are an old problem with a 
new twist. In static order (containing only terms that remain when the nucleon mass, 
M, or the large-mass scale of QCD, A, becomes very large) the diagrams of Fig. (1) 
(properly symmetrized) contribute to the TPEP. The vertices and propagators follow 
from the leading-order Lagrangian for pions and nucleons, 

£(o) = i[w 2 -(Vir) 2 -m> 2 ] + iVt[z8b-^r.(7rxff)]iV + ^iVt^.V(T.w)iV, (4) 

where the tttcN term is the Weinberg- Tomozawa (WT) interaction [35] and the tcN 
term is the usual interaction that depends on the axial- vector coupling constant, 
Qa-, and the pion-decay constant, f n . Terms with additional pions or nucleons are 
neglected here, as they only contribute to the nuclear force at higher orders. The 
WT term has a specific normalization (— 1/4/ 2 ) required by the underlying chiral 
symmetry. 

The nucleon-mass difference corresponds to Lagrangian terms that arise from both 
quark-mass differences, 5M^ m , and from EM interactions at the quark level, 5M™. 
The largest term of the first type is [5] 

£g = -8MT N%r, - ■ tt]N , (5) 
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(a) (b) (c) (d) 

Figure 2: Two-pion-exchange graphs that contribute to charge-symmetry breaking in 
nucleon-nucleon scattering. Graph (d) vanishes because of the symmetry of isospin 
operators. The ® symbol indicates a CSB vertex, either a seagull in (c) and (d), or 
a mass insertion in (a) and (b). 

and the leading-order term of the EM type is [5] 

4 M 1} = -8M™ iVt[|r 3 - 4(7r 2 r 3 - tt 3 t • n)]N . (6) 

As with the WT term, the ttttN interactions in Eqns. (5) and (6) are required by 
chiral symmetry and have a fixed strength (—1/4/^) relative to the mass terms. We 
again drop terms that involve more pion fields and do not contribute to the nuclear 
potential in low orders. 

The CSB TPEP can be computed in a straightforward way. We simply consider 
all insertions of the mass and interaction terms above into the diagrams of Fig. (1), 
including external lines. Alternatively, we implement the p-n mass-difference mech- 
anism by including the simple p-n mass difference (i.e, the sum of the first terms in 
each Lagrangian in Eqns. (5) and (6)) in the initial and final nuclear states, and then 
compensate for this addition by a subtraction. That is, we write for a single nucleon 

SM CSB = \5M n {t z - r°) , (7) 

where r° is the reference value of r z for that nucleon. The expectation value of this 
contribution for all the nucleons will vanish, as does the contribution from uncrossed 
box diagrams. The crossed-box diagram shown in Fig. (2a) and the triangle diagram 
in Fig (2b) can also be easily computed. In addition there are seagull terms involving 
two pions (from the second parts of the two Lagrangians in Eqns. (5) and (6)), 
which will generate triangle diagrams (Fig. (2c)), and in principle "football" diagrams 
(Fig. (2d)). The latter vanish for this problem because of the isospin symmetries of 
the WT (antisymmetric) and CSB seagull (symmetric) vertices. 

We find a result that is a pure class (III) potential. Our results in momentum 
space are given below, with both pion momenta q 1 = k + ^q and q 2 = —k + \q 
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pointing into the seagull vertex. The loop momentum is k, and q is the momentum 
transfer. Writing 

VciiTq) = ^ (j^-j {t z {1)+t z {2)) v^(q) (8) 

and 

r d 3 k 

v aAc (q) = 8n J (9) 

graph (2a) gives 

\q l +mi q 2 +miJ ( 9l + mi)(q 2 + m*) 

(9a) 

while graph (2b) generates 

A ft, q 2 ) = SM N %^T- 2 , , (») 

and finally graph (2c) produces 

u c (qi, h) = (5M N - \5MT) -T- %l\ M 2 , • (9c) 



The integrals in these expressions are divergent, requiring regularization and renor- 
malization by the spin-independent nucleon-nucleon contact terms given in Eqn. (2). 
The loop integration over k gives for the non-analytic terms 

,q 2 + 2ml ± f q \ i n 1m\ 
Q 

a(l) x q ■ <t(2) x q 



v a (q) = g \ SM N [2 q + m " arctan (-^-) + Qm w - 

arctan (— ^— ) ) , (8a) 



and 



v b +<( q ) = -5M* m ( g + " arctan (-^-) +mJ . (86c) 




The long-range part of the potential in configuration space is independent of the 
regularization procedure. It is simplest to derive it by introducing a cutoff ("form") 
factor F(q 2 ) for each pion line carrying a momentum q in or out of a vertex. The 
three nucleon-nucleon potentials depicted in Figs. (2a-c) are: 




2 



Vcs ^= (4^(J^I (Tdl) + T z (2))c" b -'V>>«n (10) 
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with 



v a {x) = 2g\8M N ((h{x)V 2 h{x)+xti{x)V 2 h{x)-2{ti{x)) 2 ) 

+a(l) ■ 3(2) (h(x)V 2 h(x) - h{x)h'{x)/x + (h'(x)) 2 ) 

-a(l) ■ ra(2) ■ f (h(x)V 2 h{x) - 3h{x)h'{x)/x + (h'(x)) 2 )) , (10a) 

and 

v b+c {x) = 5M* m (h'(x)) 2 . (106c) 

In these potentials we have defined x = m n r, all derivatives are with respect to x, 
and h(x) is the regulated Yukawa function 

h(x) = An [ -g- e** -+ (11) 

n W-^J (27r) 3 (f2+1) x ' ^ 

where the last form holds only for F = I. Note that V 2 h(x) generates a purely 
short-range contribution (i.e., a ^-function if F = 1) that is indistinguishable from 
other short-range contributions. It is therefore permissible to ignore such terms and 
replace V 2 h(x) by h(x). 

Eqns. (10), (10a), and (lObc) form our main result: the model- independent, long- 
range part of the CSB TPEP. This result can now be used, for example, as added 
input to the Nijmegen phase-shift analysis[12]. 

The contribution from the crossed-box diagram, Eqn. (9a), is proportional to the 
total p-n mass difference 5M^. Our results agree with the functional form of Ref. [17] 
in momentum space. A potential in configuration space was not presented there. The 
contribution from the the CSB seagull, Eqn. (9c), was first calculated in Ref. [18]. The 
triangle with mass insertion, Eqn. (9b), has not been previously calculated. There 
are cancellations between the latter two terms, which make them proportional to 
the quark-mass component <5M^ m of the nucleon-mass difference. While the quantity 
SMn is a precisely known observable, the quantity 5M'^ a is not (yet). Note that our 
expressions (8a) and (8bc) contain only one power of (47r) _1 , while usually a loop 
contributes two powers. Ignoring o"M^ m and treating the dimensionless h(x) and any 
of its derivatives as order (1), we get V 2 ^ SB ~ (m^/8/^A 2 ) 8M N , which is about half 
the estimate for 5T of 25 keV. Numerical estimates of the effect of terms (a) and (c) 
have already been published[17, 18]. At present only the effect of the sum of the one- 
pion, (the just-calculated) two-pion, and short-range CSB potentials is constrained 
by experiment, while none of the individual terms are uniquely specified. 

In summary, we have calculated the additional two-pion-exchange CSB nucleon- 
nucleon force that is the same order as (and complements) the two-pion-exchange 
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two-nucleon CSB force previously calculated in Refs.[17, 18]. This force has been 
developed using ChPT, and should be somewhat smaller than the other CSB inter- 
actions that we discussed. We have also discussed the interplay between the CSB 
OPEP and short-range CSB force, both of which are larger than the CSB TPEP. 
The observed CSB in the 3 He — 3 H system is consistent with modern calculations. 
No model-independent resolution of the CSB nuclear potentials into components of 
different range has yet been made, because each force of one-pion, two-pion, or short 
range contains an (as yet) undetermined constant. It is hoped that by completing 
the one-pion-range and two-pion-range parts of these potentials in ChPT a phase- 
shift analysis of nucleon-nucleon scattering data that incorporates this information 
may be able to differentiate the components of various ranges. In addition to the 
two-pion-exchange nucleon-nucleon force derived here and in Refs.[17, 18], there will 
be two-pion-exchange three-nucleon CSB forces of order n — 3, which we have not 
treated herein. 
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